
,NSS,*I Canadci

PROCESSING OF ADVANCED
CERAMICS WHICH
HAVE POTENTIAL FOR USE
IN GAS TURBINE
AERO ENGINES

by
T. M. Maccagno

>Aational Aeronautical Establishment

AERONAUTICAL NOTE
0'1TAWA NAE-AN-58
"ERUA!Y 19 NRC NO. 30087

I National Research Corseil ntio,,,'
Council Canada de ,cher.hes fan da



NATIONAL AERONAUTICAL ESTABLISHMENT

SCIENTIFIC AND TECHNICAL PUBLICATIONS

AERONAUTICAL REPORTS

Aeronautical Reports (LR): Scientific and technical information pertaining to aeronautics
considered important, complete, and a lasting contribution to existing knowledge.

Mechanical Engineering Reports (MS): Scientific and technical information pertaining to
investigations outside aeronautics considered important, complete, and a lasting contribution to
existing knowledge.

AERONAUTICAL NOTES (AN): Information less broad in scope but nevertheless of importance
as a contribution to existing knowledge.

LABORATORY TECHNICAL REPORTS (LTR): Information receiving limited distribution
because of preliminary data, security classification, proprietary, or other reaons.

Details on the availability of these publications may be obtained from:

Graphics Section,
National Research Council Canada,
National Aeronautical Estabiishmernt,
Bldg. M-16, Room 204,
Montreal Road,
Ottawa, Ontario
KIA 0R6

ETABLISSEMENT NATIONAL D'AERONAUTIQUE

PUBLICATIONS SCIENTIFIQUES ET TECHNIQUES

RAPPORTS D'AERONAUTIQUE

Rapports d'adronautique (LR): Informations scientifiques et techniques touchant
l'adronautique jugdes importantes, completes et durables en termes de contribution aux
ronnais-eances actuelles.

Rapports de g6nie m6canique (MS): Informations scientifiques et techniques sur la
recherche externe A l'a6ronautique jugdes importantes, complbtes et durables en termes de
contribution aux connaissances actuelles.

CAHIERS D'A]RONAUTIQUE (AN): Informations de moindre port~e mais importantes en
termes d'accroissement des connaissances.

RAPPORTS TECHNIQUES DE LABORATOIRE (LTR): Informations peu dissdmin.6es pour
des raisons d'usage secret, de droit de propridth ou autres ou parce qu'elles constituent des donnaes
pr~liminaires.

Les publications ci-dessus peuvent 6tre obtenues A radresse suivante:

Section des graphiques,
Sonseil national de recherches Canada,
Etabligsemcnt national Xadruaratique,
Im. M-16, pibce 204,
Chemin de Montreal,
Ottawa (Ontario)
KIA OR6



UNLIMITED
UNCLASSIFIED

PROCESSING OF ADVANCED CERAMICS WHICH
HAVE POTENTIAL FOR USE IN
GAS TURBINE AERO ENGINES

MISE EN OEUVRE DE CERAMIQUES DE POINTE
A U'AGE POTENTIEL POUR COMPOSANTS DE
MOTEURS DAVION

by/par

T.M. Maccagno

National Aeronautical Establishment

AERONAUTICAL NOTE

OTTAWA NAP-AN 58

FEBRUARY 1989 NRC NO. 30057

W. Wallace, Head/Chef
Structures and Materials Laboratory/ G.F. Marsters

Laboratofre de structures et materiaux Director/directeur



ABSTRACT

Si 3N4 and SiC based advanced ceramics that have been produced by
hot isostatic pressing (HIP'ing) have good potential to be used as hot section
components in gas turbine aero engines. This report provides background
for an NAE-SML investigation of this potential. The report begins with a
general overview of the many fabrication methods that have been used to
produce both monolithic ceramics and SiC whisker reinforced composite
ceramics. This is followed by a comprehensive survey of past efforts to
produce Si 3 N4 and SiC based ceramics by HIP'ing. It is apparent that many
of these efforts have involved HIP'ing of material that has already been
densified by sintering, but such an approach does not really allow the full
benefits of HIP processing to be realized. On the other hand, HIP'ing of
Si 3N 4 based composite produced by reaction bonding may result in ceramic
material of superior quality. It also appears that many previous efforts have
resorted to incorporating densifying aids into the starting material, even
though high temperature properties may suffer as a result. It is suggested
that HIP'ing of vacuum encapsulated Si 3 N 4 or SiC particulate which
contains SiC whiskers for reinforcement, but which does not contain
densifying aids, may be a method of producing ceramic material of
sufficient quality to be considered for use in gas turbine engines.

RESU~lS

Les c~ramiques de pointe A base de nitrure ou carbure de silicium,
Si3N4 et SiC, produites par pressage isostatique b chaud sont des mathriaux
qui pourraient 8tre utilisds pour certains composants de turbines k gas
adropropulsives. On situe dans ce rapport une 6tude que se propose
d'entreprendre une dquipe de l'ttablissement national d'adronautique sur
cette utilisation possible. On y rdsume pour commencer les m6thodes de
mise en oeuvre utilisdes dans la production de cdramiques monolithiques et
de leurs composites renforcds par whiskers de SiC. On y prdsente ensuite un
examen critique des travaux ddj& accomplis sur lutilisation du pressage
isostatique A chaud comme technique de densification. Il ressort de cet
examen que dans la plupart des cas, ce sont des matriaux pr~alablement
frittts que l'on a soumis au pressage isostatique A chaud, une approche qui
ne permet pas de retirer tous lea avantages qu'offre cette m~thode de
densification. Cependant, il apparaft qu'en soumettant au pressage
isostatique A chaud du nitrure de silicium produit par liaison par r6action,
on obtienne un materiau de qualitd supdrieure. Il ressort aussi de cet
examen que dans !a plupart des cas on a eu recours h des agents de
densification, bien que cela ait pu avoir des effets n.fastes z,-r lcz propridtes
du mat~riau A hautes temp6ratures. Finalement, on suggbre, d'une part,
que le pressage isostatique A chaud d'un melange de particules de Si3N4 ou
de SiC et de whiskers de SiC comme renforcissement, enrsps-_!6 sous iridc
sans agent de densificatioi., puibse etre une methode attrayante de
fabrication de mathriaux composites A base de c~ramiques, et d'autre part,
que la qualith des matdriaux ainsi produits puisse Atre suffisante pour que
Yon envisage leur utilisation dans les moteurs d'avion.

(iii)
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1. Introduction

The term 'ceramic' applies to a diverse class of materials, but can be definred in

broad terms as an inorganic, non-metallic material processed or consolidated at high

temperature. Materials such as porcelain, refractories, and glass have been in use for
generations, and can be thought of as 'traditional' ceramics. In recent years, by careful

control over composition and processing, ceramic materials have been developed which
exhibit superior thermal, chemical, mechanical, electrical or optical properties. These

are so-called 'advanced' ceramics, and include the nitrides, carbides, and oxides of a large

number of elements.

Many advanced ceramics have properties which, at first sight, make them attractive

for use in demanding structural applications. Table I lists mechanical and physical

properties of some ceramics and compares them with those of a typical nickel based

superalloy. It is apparent that ceramics oased on silicon nitride (Si3N4 ) and on silicon

carbide (SiC) offer very high stiffness, low densities, and can withstand very high
temperatures. This makes them strong candidates to replace nickel and cobalt based

alloys in gas turbine aero engine applications, where the ever-present incentive is to run

at higher temperatures and pressures in order to improve performance and efficiency.

The latest engines now rely on metals technology proven some 20 years ago, and it is

widely felt that although continuing development of the existing technology still offers

some performance increases, the next leap ahead in engine technology will require

completely new materials (see Jeal I , Drewer 2 ). With the potential to retain their

properties to 1400'C or higher, ceramics based on Si3N4 or SiC are thought to offer the

greatest potential to fill this requirement. Note that while Si3 N4 exhibits somewhat
higher strength than SiC, the potential maximum use temperature of Si3 N4 is somewhat

lower than SiC due to the lower decomposition temperature of Si3N4 .

Other advanced ceramics, including alumina and partially stabilized zirconia, have

potential to be used in some high temperature applications, but are not considered to be

leading candidates for use in structural components in gas turbine aero engines. Alumina,

for example, maintains good corrosion resistance, good stiffness, and good strength at

high temperatures, but exhibits very poor thermal shock resistance; an important

property to be considered in the steep temperature gradients and with the rapid
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temperature fluctuations that are developed in gas turbine engines (see Bennett 3 ).

Partially stabilized zirconia also suffers from poor thermal shock resistance as well as

being a comparatively high density ceramic, and its good strength and toughness

properties are maintained only to about 800'C. Zirconia ceramics appear to offer more

promise in land based piston engines (see Leach4 ).

There are a wide variety of processes available to fabricate advanced ceramic

materials, but the usual way involves first forming particulate raw material (about I /tm

in size) into a 'green' compact, and then 'sintering' at elevated temperature to achieve the

solid ceramic. Conventional forming methods include: slip-casting, uniaxial cold

pressing, cold isostatic pressing, injection molding, and extrusion molding (see Fig. 1).

Some fabrication processes, including uniaxial hot pressing and hot isostatic pressing

(HIP'ing), enhance sintering through the application of pressure. Other fabrication

processes, such as reaction bonding, are based on in-situ chemical reactions.

These various fabrication methods produce ceramics that are used in a large number

of applications requiring resistance to heat and to chemical attack. However, their use in

critical structural applications, such as in gas turbine engines, has been precluded by one

dominant feature of ceramic materials, namely, their brittleness. The same strong

interatomic bonding which gives rise to exceptional heat and chemical resistance also

imposes a limited ability to deform plastically and thereby relieve stress concentrations.

Consequently, ceramics are particularly sensitive to minute iirperfections in their

microstructure that serve as nucleation sites for cracking.

In order to improve this situation, much research effort is being directed towards

developing fabrication methods that minimize or eliminate microstructural flaws. One

technique which shows good promise is hot isostatic pressing (HIP'ing) to consolidate fine-

scale ceramic particulates. At present, HIP'ing is successfully used on a commercial basis

to produce powder metallurgy parts with no residual porosity, and to heal casting defects.

Also being developed to improve the fracture resistance of ceramics is the idea of

incorporating a reinforcing medium into the microstructure to produce a composite

material. Provided that the reinforcing particles are of an appropriate size and are

suitably distributed, they serve as impediments to crack propagation, and the fracture
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resistance of composite ceramic can be much higher than monolithic ceramic. This has

been found to be so effective in some uniaxially reinforced ceramic composites that

catastrophic brittle failure does not occur, and instead the composite fails by gradual

accumulation of damage (see C:rnie et al. 5 ). Among the more promising reinforcements

are microscopic 'whiskers' of SiC measuring about 0.5 jim in diameter and about 10-50 /.m

long.

Aside from NAE's general interest in advancements in aero engine technology,

ceramic composites produced by HIP'ing are of particular interest because of the

availability of a HIP facility in the SML. It might be anticipated that the combination of

Si 3 N4 or SiC ceramics which incorporate SiC whisker reinforcement, and which are

consolidated by a HIP'ing route, can be produced to a sufficiently high quality to be

considered for use as structural components in gas turbine engines. This paper provides

background for an SML program to investigate HIP processing of Si3N 4 and SiC based

ceramics. It begins with an overview of fabrication methods which have been used to

produce bok.h monolithic ceramic and SiC whisker reinforced composite ceramic based on

either Si3 N4 or SiC. This is followed by a comprehensive survey of past efforts to

produce Si 3 N4 ceramic and SiC ceramic by HIP'ing. In the final section, the findings are

discussed and suggestions for future work are made.

2. Fabrication of Si 3 N4 and SiC Ceramic

As mentioned in the previous section, there are several processes available to

fabricate acvanced ceramic material. Unlike with metals and plastics, however, the

strong covalent bonding typical of many ceramics results in decomposition rather than

melting, a behaviour which precludes following a traditional melt-cast-harden route, or a

melt infiltration route, to produce material. The usual way to fabricate ceramic

components involves first forming particulate ceramic into a green compact, and then

sintering at elevated temperature to produce a solid product. Several forming methods

are shown schematically in Fig. I. Often, organic binders and/or plasticizers are used in

the forming stage which are then burned out prior to sintering. Reed6 provides a more

detailed treatment of conventional ceramic processing and discusses the use of forming

additives. The various forming methods are introduced in Section 2.1, while aspects of

sintering which pertain to Si3 N4 and SiC are reviewed in Section 2.2.
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Si3 N4 and SiC components can also be fabricated via processes, including HIP'ing,

which enhance sintering through the application of pressure. These processes are

introduced in Section 2.3. Section 2.4 deals with fabrication processes which are based on

in-situ chemical reactions. The drawbacks and benefits of the various methods are

discussed in Section 2.5.

2.1 Forming

Slip casting is a forming method that has been used since ancient times. The 'slip'

(i.e. slurry) - which is made up of ceramic particulate, water, and other lubricants - is

poured into a porous mold, and water is drawn from the contact area into the mold leaving

a green body. The green body is extracted from the mold, allowed to dry, and is then

ready to sinter.

With cold pressing, ceramic particulate is mixed with organic binder (e.g. polyvinyl

alcohol), filled into a die, and pressed uniaxially into a green body whose density can be

quite close to the final sintered density. For this reason the method can be used to form

components requiring close dimensional tolerances, but it is restricted to forming

relatively simple shapes.

Cold isostatic pressing overcomes this shape limitation. The ceramic/binder mix is

encased in a rubber sheath, the sheath placed in a liquid chamber, and pressure is applied

to the liquid. Hydrostatic pressure is transmitted uniformly to the contents of the sheath,

and compacts of fairly intricate shapes can be produced.

Injection molding involves mixing ceramic particulate with a relatively large

quantity of plastic binder (15-20%), heating the mix, and pressing into a mold. Typically,

the binder material is a mixture of polyethylene, paraffin, and petroleum oil. The

technique itself is widely used in forming of plastics, and complex shapes can be achieved.

When applied to ceramics, however, there are problems associated with a large amount of

shrinkage of the compact during burnout of the binder.

Extrusion molding is a forming process which also incorporates a plastic binder, but

in this case the ceramic/binder mix is forced through a die orifice to produce compacts

having an axis normal to a fixed cross section.
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Green bodies of ceramic material can also be formed via chemical synthesis routes

such as sol-gel processing and pyrolysis of polymer precursors (see Cornie et al.5). Sol-gel

processing involves starting with a colloidal solution containing large metal oxide

molecules (i.e. the sol) and then polymerizing the molecules into a continuous network

(i.e. the gel). The gel is dried, and then sintered. The method appears to be limited to

producing green oxide ceramic, although sol-gel processing has been used to produce AIN

and Si3 N4 powders. Polymer pyrolysis can be used to form covalent ceramics, including

SiC and Si3N , and involves polymerization of organic starting material followed by heat

treatment to decompose the organic polymer to inorganic SiC or Si3 N4 . As with injection

molding of ceramics, sol-gel processing and polymer pyrolysis suffer from shrinkage

problems.

2.2 Sintering

Once the green body has been prepared, it is ready to be sintered. The term

sintering covers the processes by which the original particulates join together to form a

solid mass. This consolidation is often accompanied by a reduction in the free spaces

between particles and in the overall volume. Gencral aspects of sintering are discussed by
.7 8Davidge and by Mitchell and Hendry , and a summary is presented below. More detailed

aspects of sintering Si3 N4 and SiC are presented by Greskovich and Prochazka9 , and by

Ziegler et al' 0

In its simplest form, sintering invol es heating the green compact, typically to about

0.5 - 0.8 of the absolute melting temperature, with the result that the particles join

together spontaneously. The most important driving force for this spontaneous process is

the reduction of the solid/vapour surface area as particles fuse together to form necks,

and larger particles grow at the expense of the smaller ones. The driving force may be

modified somewhat by chemical reactions and phase transformations during the sintering

cycle.

The material transport mechanisms for consolidation can involve bulk transport

mechanisms such as plastic deformation and grain boundary sliding, and can involve

several diffusion processes such as volume diffusion, grain boundary diffusion, surface

diffusion, and gas phase diffusion. All of these diffusion processes contribute to neck
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growth but only certain ones contribute to densification. Material transport by low

activation energy mechanisms, such as surface diffusion or gas phase diffusion, ,esult in

considerable neck growth, but pores shrink only when volume diffusio!n and grain boundary

diffusion are active (see Aller 11).

In solids with a high degree of covalent bonding, such as Si3N4 and SiC, the self-

diffusivity is poor and therefore volume and grain boundary diffusion is slow. As a r2sult,

sintering of these compounds is difficult. At low temperatures atomic mobility is too low

for densification, and at temperatures high enough for apprecia-lze atnmic mobility these

compounds tend to dissociate rather than consolidate.

2.2.1 Si 3N4

In the case of Si3N4' one way to promote sintering is to form a liquid phase at a

temperature below that at which significant decomposition of Si3 N4 occurs (i.e. about

1820°C in air). The liquid phase can be achieved by mixing into the starting powder small

amounts of additives such as MgO, AI 2 0 3, and Y 20 3 which react with SiO 2 on the Si3N4

particle surface to form an oxynitride liquid at temperatures as low as 1600°C. Provided

that the composition and viscosity are suitable, this liquid phase allows transport and

rearrangement of the starting material at a greatly accelerated rate by a mechanism in

which the starting Si3 N4 particles dissolve into the liq jid and the phase of Si3 N4 is

precipitated out as elongated interlocking grains. Upon cooling, however, the liquid pha~e

solidifies into a grain boundary phase that can become fluid or even become unstable at

temperatures greater than about 1000C,thereby seriously degrading both the refractory

and mechanical properties of the Si3 N4 material.

Numerous approaches have evolved to minimize the effects of the grain boundary

phase. One way is to carry out sintering in an atmosphere that has been modified to

increase the partial pressure of N2. In this way volatilization of Si3 N4 is suppressed,

densification can be achieved with less additive, and less grain boundary phase is formed.

Another method involves the addition of nucleating agents such as TiO 2 and ZrO 2 to

promote crystallization of glassy intergranular phase. The resulting grain boundary

crystalline phase can lead to improved refractory properties in the final material, (see

Braue et al.12). A third method involves mixing in additives which promote sint":ing, but
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which result in a single phase solid solution being ,ormed rather than two solid phases.
Tabata et al. 3 have found that this result can be achieved through additions of BeAI 20 4.

The difficulties associated with -.ntering Si3 N4 has also led to the development of a
completely new class of ceramic materials called 'sialons' - an acronym given to phases in
the Si-AI-O-N and related systems. In these materials Si3 N4 powder is mixed with an
equimolar mixture- of Al20 3 and AIN with the consequence that the Si3 4 crystal
structure is maintained, but at sor, lattice positions A! ,,dbstitutes for Si, and 0
substitutes for N. The result is a solic solution 'alloy' of Si3 N4 that is thermodynamically
more stable than Si3N4 at high temperature. With most sialons a liquid phasc is still
required to assist sintering, but the addition of Y20 3 can lead to a crystalline grain
boundary phase (e.g. yttrium-aluminum-garnet or 'YAG') which is stable up to about
1300°C (see Jack14 ).

2.2.2 SiC

The sintering of SiC also requires addition of sintering aids to the starting powder to
promote a desired chemical reaction or the formation of liquid phase. The usual aids
are B, C, or Al. The effects of these additions are not well understood (see Hannink et
al.15) although there are indications that modifications to free surface/grain boundary
chemistry are important. This seems to be the case for B, whicr is known to dissolve into
the SiC particles, and B dissolution may somehow increase the diffusivity of the Si and C
atoms. The addition of C is thought to aid sintering by reacti,ig with SiO 2 on the surface
of SiC particles to form new SiC and CO gas, and also by suppressing the volatilization of
SiC into free Si. Note also that there is an interactive effect between B and C irsofar as
CO, produced by C reacting with adherent SiO 2 , can in turn react with B to produce BO,

9which removes the B from any further role in the sintering

Fully dens-- SiC that has been sintered with Al additions exhibits an intergranular
glassy phase (see Moussa et al. 16 ) and this right suggest that Ai aids the sintering process

by forming a liquid ohase.
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2.3 Pressure Assisted Sintering

Ceramics can also be fabricated by application of pressure at high temperature,

which often combines the forming and sintering into a single step. This can eliminate the

need to deal with a green compact. More importantly, however, the simultaneous

application of pressure and heat can result in material with higher final densities and finer

grain sizes. The improvement is due to an increased driving force for sintering through a

combination of sintering mechanisms involving plastic flow (due to stresses set up at

points of particle contact) and sintering mechanisms involving diffusion.

Hot pressing shares many similarities with cold pressing - e.g., ceramic particulate

is filled into a die and uniaxially pressed - except, of course, that in this case pressing is

carried out at elevated temperature. Typical pressures can be up to 400 MPa, and

temperatures are typically about 1700'C for Si3 N and about 2000'C for SiC. Graphite is

the most widely used die material and this often necessitates that the operation be

carried out in a non-oxidizing atmosphere. At these high temperatures the die material

can also react with the ceramic itself, and a reaction inhibitor, such as boron nitride (BN)

is used to coat the die. As is the case with cold pressing, this fabrication technique is

limited to providing relatively simple shapes.

It, recent years 'high pressure hot pressing' has emerged as a possible means to

consolidate particulate without the use of sintering aids, although this technique would

appear to be limited to fabricating components of small dimensions. High pressure has

been achieved using apparatus similar to that used for diamond synthesis (up to 5.5

GPa 17), and using shock loading generated by a momentum trap method (up to 77 GPal 8 ).

The usual way of 'hot isostatic pressing' ceramics involves first encapsulating the

material under vacuum, and then subjecting it to an isostatic gaseous pressure (up to 200

MPa) at high temperature (up to 2000'C) in a specially designed autoclave. The

encapsulation material must be -on-reactive at high temperature, yet be able to flow and

transmit the gas pressure uniformly to the ceramic body. Various high temperature

glasses (e.g. fused silica, Vycor) and refractory metals (e.g. Mo, Ta) are commonly used as

encapsulation materials. Fig. 2 illustrates a capsule being HIP'ed. HIP'ing has the

potential to produce high density ceramic components of complex shape and there are
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studies which suggest that this can be achieved without using sintering additives. These
studies and others dea!ing with HIP processing of ceramics are discussed in Section 3.

2.4 In-situ Chemical Reactions

!n the case of ceramic components formed by sintering the matrix chemical

composition of the final product is the same as the starting particulate. That is, sintering

serves only to consolidate the particulate material into a compact. There are, however,

other fabrication processes by which the final product is achieved through a chemical

reaction, in which case the final composition may differ substantially from that of the

starting material.

Reaction bonding is a process that is used particularly with Si 3 N4 and SiC, and

involves the reaction of Si metal with a nitriding or carbiding agent to produce the

ceramic (see Davidge 7). Bonding occurs simultaneously with the reaction as the reaction

front progresses. For example, to produce reaction bonded Si3 N4 , a green body of Si

metal powder is first prepared by a suitable technique such as pressing, extruding, rolling,

or flame spraying. After burning out any binder material, the green body is fired in a

nitrogen atmosphere at temperatures initially just below the melting point of Si (1410'C)

and then, once a skeleton of Si3 N4 is formed the temperature is raised above the Si

m,-lting point. The total firing time can be over a period of days. The resulting Si3 N4 is

very pure but since porosity is essential to allow access of the nitrogen, it is difficult to

produce a final material containing less than about 10% porosity.

SiC can be made by a similar technique in which a mixture of very fine C and SiC is

reacted with molten Si. However, the final microstructure typically contains about 10%

residual free Si, rather than residual porosity, and the presence of this comparatively low

melting point intergranular phase seriously limits the high temperature capability of

reaction bonded SiC.

'Chemical vapour deposition' is a process which was originally developed as a means

of coating a substrate by an elevated temperature gas phase reaction. For producing SiC,

the most common method involves thermal decomposition of methyl trichlorosilane

(CH 3SiCI 3 ) to SiC at a temperature of about 10000C, and SiC vapour deposits as a solid



onto the substrate. This principle has successfully been applied to building up of a matrix
material through 'chemical vapour infiltration' of a porous preform, with the result that a

composite material is produced (see Caputo et al.19 ). Appropriate manipulation of

temperature and pressure gradients is the key to attaining a product of reasonable density

within a reasonable time period, but, similar to the case of reaction bonding of Si3 N4 ,
retained porosity of the order of 6 to 8% is inevitable.

2.5 Discussion

Numerous problems can arise when using a forming plus sintering route in
attempting to produce advanced structural ceramic of high quality. To start with, a

binder material is required in many forming operations, but binder residue leftover from

burning out can have deleterious effects on the final properties of supposedly 'high purity'

sintered ceramic. It is desirable, therefore, to use as little binder as possible, or to use a

binder material that can be removed completely prior to sintering. With regards to this

last point, efforts have been made to use frozen water as a binder material (see

Okunda2 ).

Another problem associated with binder burnout, and with the drying stage in

methods like sol-gel processing or slip casting, is pronounced shrinkage of the compact.

Cracking may result if the operation is not carefully controlled.

Problems also arise during the sintering stage, especially in the case of Si3 N based

or SiC based ceramic. Sintering additives are necessary to aid densification and
consolidation of these materials but these additives can form an intergranular glassy

phase which degrades the high temperature properties of the ceramic. Some efforts have

been made to crystallize this intergranular phase by means of appropriate thermal

treatments and/or nucleating agents (see Section 2.2.1), but even crystalline intergranular

phases will be less desirable than the main Si3 N4 or SiC phase.

In a comprehensive overview of Si3 N4 based ceramics, Ziegler et al. 10 remark that

by careful choice of starting materials it may be possible to assist sintering by producing

a liquid phase that becomes absorbed into solid solution as sintering progresses. In this
way no liquid phase would be present upon cooling to result in the undesired intergranular
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glassy phase. However, such a feat requires very strict control over surface chemistry as

well as the bulk chemistry of the particulate starting material, and Ziegler et al. note

that most attempts have not been completely successful. The results of Tabata et al. 13,

using BeAI 20 4 additions, perhaps offer some hope.

3. HIP'ing of Si 3 N and SiC

HIP'ing appears to be an attractive alternate route to producing high quality

structural ceramics. The method can be used to produce components of complex shape,

and has been shown to be successful at closing up residual porosity in many materials. In

addition, the application of pressure simultaneously with heat increases the driving force

for sintering, and it may be possible to reduce, or even eliminate, the necessity for

sintering additives. This improvement in microstructure due to reduced porosity and less

intergranular glassy phase, combined with the incorporation of SiC whisker reinforcement

may result in a ceramic of sufficiently high quality to be considered for use in gas turbine

aero engines.

This part of the presentation surveys the previous work that has been carried out to

produce ceramic based on Si3 N4 or SiC. Much of this survey is based on a synopsis

prepared by Davidge et al. 2 1

Section 3.1 gives a brief introduction to the various routes which have been followed

to produce ceramic by HIP'ing. Sections 3.2 and 3.3 follow with reviews of individual

studies that have been carried out on Si3 N4 and SiC based material and Tables 2 and 3 list

results of some mechanical testing.

3.1 HMP'ing Routes

There are many ways in which HIP'ing can be used to produce ceramic, and these are

summarized in Fig. 3.

As mentioned in Section 2.3, the usual way to process ceramic by HIP'ing is to first

encapsulate a green compact under vacuum, and have the gas pressure act on the capsule.

In this way, components with open porosity can be HIP'ed to full density. Interestingly

enough, it does not appear that direct densification of ceramic particulate in a near-net-

shape capsule has been reported in the literature.
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Encapsulation methods can be grouped roughly into three categories and each are

discussed below. It is worth noting that encapsulation technology is an important

commercial factor in a highly competitive market, often involving long periods of

development by trial and error, and as a result, specific details are often confidential.

Components of simple shapes, such as cylinders, can be encapsulated in glass tubes

or in welded metal sheet containers. Shapes of greater complexity can be HIP'ed this way

if components are placed in an inert powder (e.g. BN) which acts as a medium to transmit

pressure. For components of still greater intricacy, complex metal or glass capsules can

be made but the cost becomes very high.

A second encapsulation method involves coating the component with one or more

layers of glass particles. The component is sealed off by heating under vacuum until the

glass layer softens. This is known as the 'glass particle' method. A variant known as the

'glass bath' method involves packing the component into a glass pc'v.der bed and heating

under vacuum until the glass liquifies and seals the component.

The third encapsulation method, the so-called 'sinter canning' technique, involves

coating the component with a highly sinterable powder mixture, and then sintering under

vacuum to form a gas tight skin. Using a powder for the coating of similar composition to

that of the component results in a very good thermal expansion match.

An alternative HIP route that has been applied to ceramics is simply to HIP

components that have already been produced by some forming and sintering operation.

(Note: past studies often refer to HIP'ing after sintering by the somewhat misleading

term of 'post H!P'ing'). In this case, HIP'ing is carried out to close up residual porosity and

heal internal cracks. However, this method is effective only if the porosity is not surface

connected, and even if this is the case, pores containing gas will only be reduced in size

and not eliminated completely.

A third route is to 'sinter HIP', i.e. place a green compact in the HIP vessel, sinter

to a state of closed porosity, and without cooling, HIP to final density. This has the

economic benefit of eliminating one complete heat/cool cycle in the processing, and can

be important in situations where cooling induces irreversible microstructure changes
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which negatively affect densification. If the sintering stage is carried out under vacuum,

the porosity remaining after sintering will contain little gas, and a higher density will be
attained after the HIP'ing stage.

3.2 Silicon Nitride

3.2.1 HIP'ing of Encapsulated Powder

Larker et al. 2 2 were the first to report the successful application of HIP'ing to

consolidate Si3N4 powders: one being a high purity powder containing some amount of
Y2 0 3 as a sintering aid, and the other being a comparatively low purity powder containing

nothing that was added intentionally. In both cases, the powders were milled to a fine

particle size before cold isostatic pressing at 600 MPa into green compacts. The

compacts were placed into a capsule of silica or borosilicate glass, and the capsules were

then evacuated at elevated temperature and sealed. It is interesting to note that the

authors did not use anything as a reaction barrier between the compact and the glass, and

even commented that there was no evidence of any reaction having taken place during the

operation.

HIP'ing was carried out in two steps. In the first stage the temperature was
increased to the softening point of the glass, and some pressure applied, so that tiic glass

conformed to the shape of the compact. The temperature was then increased to 1700 to
1800'C and the pressure was increased to over 100 MPa. These final conditions were held

for at least one hour. Larker et al. claimed that Si3N4 ceramic of 'full' density was

produced. Three point bend strength tests were carried out, and the Si3 N4 with Y 20 3 as
an additive exhibited a mean strength of 554 MPa when tested at 1370'C. The low purity

Si3 N4 had a bend strength of 346 MPa at 1370*C, and of 655 MPa at room temperature.
The result for the HIP'ed sample containing Y2 0 3 is compared with typical results for hot

pressed Si 3N4 and reaction bonded Si3 N4 in Table 2, and it may be seen that there is a

modest improvement in high temperature bend strength. (Note: for ceramic materials the
bend strength is often called the 'modulus of rupture' and written as MOR).

Yeh and Sikora2 3 carried out 3n investigation on Si3 N4 powder of a similar quality

as the low purity powder investigated by Larker et al. No sintering aids were added, and
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no milling was carried out prior to cold isostatically pressing the powder to 430 MPa. The

compacts were placed in quartz or Mo capsules, evacuated, and then sealed. No mention

is made of a reaction barrier in 'e capsule. Yeh and Sikora used both a conventional gas

pressure HIP .nd a hydraulic pressure HIP to carry out the investigation, but there were

various problems with the apparatus, and no systematic study of the relationship between

temperature, pressure, and time was possible. Nonetheless, the authors found that

material HIP'ed for I hour at 275 MPa and 1760*C achieved up to 95% of the theoretical

density (T.D.), while material HIP'ed for 2 hours at 310 MPa and 1260°C achieved up to

94% T.D. A TEM study suggested that recystallization of the material had occurred, and

it was proposed that powder impurities may have contributed to densification, but there

was no mention of intergranular glassy phases being detected in the TEM. No mechanical

testing was carried out.

Wills et al. 2 4 HIP'ed high purity Si 3 N4 powder mixed with I to 5 wt% Y20 3 . The

mix was milled with Si 3 N4 balls before being cold isostatically pressed to 200 MPa and

encapsulated in Ta. The compacts were HIP'ed for 1 hour at 200 MPa and 1725°C. The

authors found that 5% Y 203 was required at these HIP conditions to achieve a high

density (>99% T.D.) Compressive creep tests were carried out in air at 1350°C and

15000C. The results were compared with results obtained from commercially available

hot pressed Si 3 N4 and judged to be superior. The authors also mention that four point

bend strength tests were carried out, but, interestingly enough, the results are not

reported.

In a set of two publications, Yeheskel et al. 2 5' 2 6 report the findings of their study

of a high purity Si3 N4 powder, mixed with 0 to 10 wt% Y20 3 sintering additive, that was

HIP'ed at 90 MPa and 172 MPa, and at temperatures ranging from 1500 to 18000C, for 110

minutes. The powders were blended, rather than milled, to avoid the risk of

contamination from milling media. The powders were cold isostatically pressed to 200

MPa prior to being encapsulated in Ta canisters, and then out gassed at 5500C or 950°C

under vacuum before being sealed by electron beam welding. The authors found that the

density of the final material increased systematically with increasing addition of Y203,

with increasing temperature, and with increasing pressure. The density of the sample

containing 0% Y20 3, and pressed at 172 MPa and 18000C, was 84% T.D. The density of

the sample containing 10% Y20 3, and pressed under the same conditions, was 97% T.D. A
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TEM study showed regions of a glassy phase in between Si3N4 grains. Elastic moduli were

measured by a pulse-echo overlap technique, and were found to increase systematically

with density.

Koizumi and co-workers2 7 investigated HIP'ing of eight high purity Si3 N4 powders

over a range of temperatures, pressures, and times. No sintering aids were intentionally

added, but the powder was milled with Al 2 0 3 balls prior to cold pressing (to 150 MPa), and

the authors observed a 0.3 wt% increase in the powder after milling. The compacts were

'calcined' for a few minutes at 1400'C under vacuum, placed in a BN capsule, and in turn

placed in a high silica glass capsule that was subsequently evacuated and sealed. This

capsule was then placed into another capsule, made of borosilicate glass, which was also

evacuated and sealed. The capsules were placed in the HIP, heated to the softening

temperature of the glass under 2 MPa of pressure, and the temperature and pressure were

then simultaneously raised to the desired conditions. The final temperature ranged from

1300 to 1900°C, the final pressure was either 100 MPa or 200 MPa, and the hold time

varied up to 90 minutes. The authors found that maximum density was attained after

HIP'ing in the range from 1650 to 1750 0 C, with higher temperatures resulting in decreased

density due to decomposition of Si3 N4 . Density was found to increase with increasing

pressure, with the highest density at 100 MPa pressure being only 77% T.D., while the

highest density attained at 200 MPa pressure was 94% T.D. For samples HIP'ed at 1700 0 C

and 200MPa, densification proceeded rapidly within 30 minutes, and thereafter levelled

off. The Vickers microhardness of these samples measured at room temperature ranged

as high as 1000.

These results for Si3 N4 powders containing no intentional sintering additive were

compared with results obtained from the same powders containing one of various sintering

additives (3.2% YN, 4.0% AIN, 4% Mg 3N2 , up to 3.2% Y20 3 ). All of the samples

containing additive attained >97% T.D. and exhibited room temperature Vickers

microhardness values near 2000.

In a later presentation, Koizumi and co-workers28 further investigated the potential

of non-oxide sintering aids, in the hope that these additives would not form a glassy phase

between Si 3N4 grains. The additives investigated were: YN, AIN, Mg 3 N2 , TiN, ZrN, VN,

NbN, TaN, and HfN. However, each of these additives was milled together with the Si 3N4



- 16-

using A120 3 balls, and there may have been A12 0 3 contamination. The powders were cold

pressed, and the compacts were pre-fired for 1 hour at 1200'C under vacuum. The

samples were HIP'ed at 150 MPa and 1650 to 1800°C for 1 hour, and it was found that

while the sample containing 5% AIN attained a density of 96% of theoretical, samples

which contained 5% YN or 5% Mg3 N2 reached 100% T.D. Microhardness of the samples

was measured at temperatures up to 1200°C under vacuum, and was found to decrease

steadily with increasing temperature. It was argued that if oxide sintering aids had been

used instead, the microhardness decrease would have been more dramatic.

Koizumi and co-workers2 9 reported the results of another investigation, this time on

four high purity Si3 N4 powders without sintering additives. No mention was made as to

whether or not the powders were milled. The powders were cold isostatically pressed into

pellets at 100 MPa, and pre-fired for 1 hour at 1200'C under vacuum hefore being placed

in BN, folded in Ta foil, and encapsulated in a Pyrcx glass container. The sealed sample

was heated to 750'C under 2 MPa gaseous pressure to allow the glass to soften, and the

temperdture and pressure were raised to 1850'C and 180 MPa, respectively, for I hour.

The final densities achieved ranged from 97.8 to 99.3% T.D. and room temperature

Vickers microhardness values were near 2600. Microhardness measured up to 1200'C

under vacuum remained near 1000. Three point bend strength measured at room

temperature was up to 836 MPa. However, room temperature KIC measured by an

indentation method was found to be only about 3.5 MPa /rn, which is considerably less

than typical values for hot pressed Si 3N4 that contains sintering additives (see Table 2).

After observing the fracture surfaces under a scanning electron microscope, the authors

attributed the low toughness value to the lack of an energy absorbing intergranular glassy

phase, and to the microstructure consisting of equiaxed grains, rather than of elongated

interlocking grains typical of Si3N 4 that has been densified using additives.

Okada et al. 3 0 reported results of a study carried out on four high purity Si3N4

powders which were mixed with: no additives, 0.5 to 5.0 wt% Y 20 3, and a Y20 3 + Al 20 3

mixture typically used in uniaxial hot pressing. The powders were cold isostatically

pressed prior to being placed in a BN capsule which was subsequently vacuum sealed using

a glass powder pressing technique. The samples containing no additive were HIP'ed for 2

hours at 150 MPa and at 1800, 1900, or 2000°C. Only one of the samples HIP'ed at

1900°C attained >99% T.D., but all samples HIP'ed at 2000'C did. Bend strength at room
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temperature of the samples HIP'ed at 20000 C ranged as high as 650 MPa, while bend

strength at 1400°C ranged even higher; to as much as 750 MPa. A TEM study revealed

only a very small amount ot intergranular glassy phase. The samples containing Y20 3

were HIP'ed for 2 hours at 150 MPa and 1750'C, and when the addition was >1% Y20 3 the

density attained was >99.5% T.D. Both bend strength at room temperature and bend

strength at 1200°C increased with increasing Y20 3 . Bend strength values for samples

containing 5% Y2 0 3 were 850 MPa at room temperature, and 500 MPa at 1200 0C. The

samples containing Y 20 3 + A120 3 were HIP'ed for 2 hours at 150 MPa and 1700'C, and
the samples attained near 100% of theoretical density. The bend strength at room

temperature was 950 MPa, while the bend strength remained as high as 755 MPa at

temperatures up to 12001C. However, note that this value for high temperature strength

was maintained to 1400'C for the same material HIP'ed with no additives.

Pejryd3 1 HIP'ed high purity Si3 N4 containing from 0 to 6 wt% of an equimolar mix

of CaO and MgO as sintering aid. The powders were milled using Si3 N4 balls and

encapsulated according to a technique similar to that described by Larker 2 . It is not

clear whether the powders were compacted prior to encapsulation. The HIP'ing was

carried out for 1.5 hours at 160 MPa pressure and at temperatures from 1550 to 1750 0 C.

The samples containing no additive and HIP'ed at 1750 0 C attained up to 95% T.D., while

all samples containing additive reached full density at all temperatures. Vickers hardness

was measured up to 1000 0 C in air, and was found to decrease dramatically with increasing

temperature. In a comparison of hardness values measured at room temperature it was

found that hardness decreased with increasing additive concentration, and decreased with

increasing HlP'ing temperature. Room temperature fracture toughness was measured by

an indentation method, and was found to increase with increasing additive concentration,

and with increasing HIP temperature to a value of 8.5 MPa /m for a sample HIP'ed at

1750 0 C and containing 6% additive.

3.2.2 Post HIP'ing of Reaction Bonded, Sintered, or Hot Pressed Si3 N4

In a series of three presentations Heinrich, Bohmer and co-workers32,33,34 have

reported the results of post HIP'ed reaction bonded Si3 N4 containing from 0 to 7.0 wt%

Y203 or 0 to 5.0 wt% MgO as sintering aid. The samples were encapsulated in fused

silica, evacuated, sealed, and then placed in the HIP vessel. The temperature was raised
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to the glass softening point, and then temperature and pressure were raised

simultaneously to the maximum and held for up to 2 hours. The temperature was 1750 6 C

for all cases and the pressure was varied from 50 to 200 MPa. All samples containing

sintering aid achieved full density at pressures >50 MPa while samples containing no

sintering additive exhibited a maximum of 98% T.D. at 200 MPa HIP pressure. These

densities compare with about 78% T.D. for the starting reaction bonded material. The

authors found that room temperature bend strength increased with increasing additive, up

to a maximum of 800 MPa for samples containing 7.0% Y203.

35
The authors have also HIP'ed sintered Si3 N4, both with and without encapsulation

Samples containing 0 to 7% Y203 were HIP'ed with encapsulation at 200 MPa and 1750'C

for 2 hours. However, in the case of post HIP'ing without encapsulation the authors found

that it was necessary to add Al 2 0 3 to allow sintering to a closed-pore state prior to

HIP'ing. In all cases room temperature bend strength, bend creep resistance at 1350'C in

air, and oxidation resistance at 1350'C in air, were inferior to that exhibited by the post

HIP'ed reaction bonded Si3N4 .

Richerson and Wimmer 3 6 also post HIP'ed reaction bonded Si3N 4 containing from 0

to 7.0 wt% Y2 0 3. They encapsulated their samples in evacuated tubes of Ta sheet or

fused silica glass, with BN powder used as a caction barrier. The HIP'ing was carried out

at 207 MPa and 1750°C for 1 hour. Densification did not occur in the sample containing

no additive, but samples containing >3% Y2 0 3 densified to>95% T.D. Elevated

temperature bend strengths ranged up to 628 MPa at 1375°C for material containing 5%

Y2 0 3* The authors also carried out stress rupture tests in bending and found that one

sample survived for 117 hours at 1400'C under a peak bend stress of 345 MPa.

Hirota et al. 3 7 post HIP'ed sintered Si3 N4 samples, containing 2.2 wt% A120 3 + 1.3

wt% MgO + 2 wt% SiO 2, without employing encapsulation. The pressing was carried out

under 126 MPa of N2 gas pressure at temperatures ranging from 1500 to 1750'C and for

periods of up to 14 hours. The density increased from 98% T.D. to nearly 100% T.D. after

6 hours. The authors suggested that some of the densification was due to nitridation of

Si0 2 to Si 3N4. The room temperature bend strength improved from about 500 MPa for

the starting material to about 700 MPa after HIP'ing at 17501C.
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Fujikawa et al. 3 8 post HIP'ed non-encapsulated samples which had been hot pressed,

and which contained either 5 wt% MgO or 6 wt% Y20 3 as sintering additives. The
pressing was carried out both under Ar and under N2 gas pressures, but neither the

pressures nor the temperatures are given by the authors. The densities increased both in

Ar and in N2 atmospheres as a result of the HIP treatment, but the treatment in N2

resulted in Lhe greater increase in density. The room temperature bend strength of the

N2 HIP'ed samples ranged as high as 740 MPa.

In a series of three presentations, Wotting and Ziegler 3 9 , 40 , 4 reported various

findings from a multi-faceted study involving the post HIP'ing of Si3N4 without
encapsulation. They looked at sintered Si3 N4 and at hot pressed Si3N4 containing various

additions of Y2 0 3, Al 2 03 MgO, and SiO 2 as sintering aids, under a wide range of HIP

conditions. HIP temperatures were between 1750 to 1980'C, pressures between 180 to
200 MPa, and the pressurizing gas was either N2 or Ar. Time was varied from 10 to 120

minutes. The results are not very clearly presented, but it can be gathered that post

HIP'ing of sintered Si3 N4 resulted in significant increases in density to a maximum of 96%
T.D., an increase in the room temperature bend strength to a maximum of 720 MPa, and a
moderate increase in room temperature fracture toughness to a maximum of 8 MPa i'm.

On the other hand, post HIP'ing of hot pressed Si3 N4 generally resulted in little if any

increase in density, a moderate decrease in bend strength, and a moderate decrease in

fracture toughness.

3.2.3 Sinter HIP'ing

Iturriza et al.4 2 have studied densification of Si3N 4 by a route that can be viewed as

true sinter HIP'ing. They looked at Si3 N4 powder mixes containing 3 wt% Y2 0 3 plus 0 to
3 wt% Al 2 03 9 and at mixes containing 6% Y2 0 3 plus 0 to 6% A12 0 3 which were milled

together using Si3N4 balls. The powders were compacted by cold pressing to 100 MPa.

Sinter HIP'ing was divided into 3 stages. In the first stage, the compacts were sintered

under 0.5 MPa N2 or Ar pressure at a temperature of 1750'C. Then, without cooling, the
pressure was increased to between 10 and 100 MPa at various pressurization rates. In the

third stage pressure and temperature (from 1750 to 1850'C) were held at the final values.

The total time for the cycle was kept constant at 60 minutes, but the time spent at each

stage was varied. The authors found that high density was achieved only if a sufficient
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time was spent at the first stage to allow sintering to closed porosity, (i.e. porosity not

surface connected), and that the final density increased as the rate of pressurizati.-n

decreased. However, in no case was the final density>98°c T.D.

Greskovich4 3 has successfully sintered Si3 N4 green compacts to >99% T.D. by a

route that can be viewed as a low pressure sinter HIP. High purity Si3 N4 powder was

mixed with 7 wt% BeSiN 2 and milled together in a steel mill prior to cold isostatic

pressing at 200 MPa. During the processing the powder was subjected to a controlled

oxygenation in order to have a starting material that also contained about 7 wt% SiO 2 .

The rompacts were first sintered to a closed pore state in 2.1 MPa of N 2 pressure at

about 2000'C, and final densification was achieved by increasing the pressure to 7.1 MPa.

The hold time at maximum pressure and temperature was about 30 minutes.

Other workers have used N2 overpressure of up to about 5 MPa (i.e. 50 atm) to

sinter Si3 N (see Tani et al. 4 4 ). However, at such comparitively low pressure the process

is really more 'gas pressure siilteri,,g' rather than hot isostatic pressing and these studies

are not treated in the present review.

3.2.4 Si 3 N 4 Matrix Composite Contaii.ing SiC Whiskers

There are relatively few reports on investigations into Si3 N4 based SiC whisker

reinforced composite material produced by HIP'ing, and all of those have followed the

post HIP route.

Lundberg et al. 4 5 post HIP'ed reaction bonded Si3 N 4 containing 0 to 30 wt% SiC

whiskers. The starting mdterial also contained 6 wt% Y 2 0 3 + 2 wt% Al 2 0 3 as sintering

aid. The reaction bonded samples were placed in glass containers, and were heat treated

at 700'C under vacuum befo-e being sealed. HIP'ing was carried out under 200 MPa

pressure and 1700°C for an unspecified period of time, and 'full' density was achieved for

all samples. However, both room temperature bend strength and indentation fracture

toughness decreased markedly with increasing whisker content. This was not attributed to

problems in the actual processing, but rather to Co/Fe impurities present in the whisker

raw material being carried through the processing stages and ending up as metal inclusions

in the microstructure that acted as initiation sites for fracture.
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Greil et a146 post--HIP'ed, without encapsulation, sintered mixtures of fine Si3 N4 and

SiC powder, with the SiC volume fraction ranging from 0 to 60%. The starting material

also contained 10.5 wt% At 20 3 + 4.5 wt% Y20 3 as sintering aid. HIP'ing was carried out

under I00 NiPa N2 pressure and 20001C for about 50 minutes. Samples containing up to

about 20% SiC achieved a final density of about 98% T.D., while samples containing more

SiC exhibited a lower final density. Room temperature bend strength increased with

increasing SiC content to a maximum of about 560 MPa for samples containing 40% SiC.

Room temperature fracture toughness measured by an indentation method was found to

decrease systematically from 4.2 to 3.0 MPa ,/m as the SiC content was increased.

Kandori et al.4 7 post HIP'ed, without encapsulation, sintered Si3 N4 containing both

0 and 10 vol % SiC whiskers. The starting material also contained 5 wt% Y 203 5 wt%

MgAI 20 4 as sintering aid. HIP'ing was carried out under ,00 MPa of N2 pressure at

temperatures ranging from 1500 to 1900'C for an unspecifiea period of time. Final

densities of the samples containing 10% whiskers were systematically lower than samples

containing no whiskers, for all HIP'ing temperatures. However, both room temperature

bend strength and fracture toughness of the -ainforced material were higher, t-xhibiting

maximums of up to 900 MPa and 9 MPa lm respectively for material that achieved about

98.5% T.D.

3.3 Silicon Carbide

3.3.1 HIP'ing of Encapsulated Powder

Alderborn and co-workers48 '4 9 HIP'ed four different high purity SiC powders

without adding sintering aids. However, some powders were treated by a sedimentation

technique in order to remove particles >1 p.m in 'ize, prior to being compacted by cold

isostatic pres-ing at pressures up to 300 MPa. The compacts wcrc thern heat treated in a

reducing atmosphere to lower the oxygen content. The HIP'ing conditions were: 160 to

200 MPa, 1850 to 1900'C, and 1 hour hold time. The authors found that there was a

dramatic improvement in the final density for samples in which the large particles were

removed. With these samples, 'full' density was achieved, and the room temperature bend

strength was as high as 575 MPa for a sample HIP'ed at 160 MPa and 1900'C. This

compares well with a typical strength of 500 MPa for commercially available hot pressed

SiC (see Table 3).
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3.3.2 Post HIP'ing of Sintered or Hot Pressed SiC

Whalen5 0 reported the results on post HIP'ing of sintered SiC, both with and without

encapsulation. In the case of the former, the encapsulation material was either SiO 2 glass

or Ta sheet, but Whalen noted that during HIP processing Ta reacted with SiC to form

TaC. It is not stated whether the containers were evacuated prior to sealing. For both

encapsulated and non-encapsulated samples the HIP'ing conditions varied between 103 and

207 MPa pressure, 1600 and 2100'C temperature, and hold time of 0.5 to 6 hours. The

results are not clearly presented as to whether they apply to SiO 2 encapsulated, Ta

encapsulated, or non-encapsulated samples, but it can be gathered that a sample

encapsulated in Ta, and HIP'ed for I hour at 193 MPa and 19800C, achieved nearly 100%

of theoretical density. It is also apparent that some samples exhibited room temperature

bend strengths near 500 MPa.

Watson et al. 5 1 post HIP'ed, without encapsulation, commercially available sintered

SiC for 2 hours, under 138 MPa of Ar pressure, at temperatures from 1850 to 2200'C.

HIP'ing resulted in an increase in density for all cases and, in general, an increase in room

temperature bend strength to a maximum of 565 MPa. Bend strength at 12000C was also

measured and was found to range up to 579 MPa for material HIP'ed at 2200'C.

Hunold 5 2 post HIP'ed, without encapsulation, SiC which was sintered with various

combinations of I wt% C, 0.6 to 1.0 wt% B, 0.6 to 1 wt% Al and I wt% AIN as sintering

aids. The HIP conditions were: 2U0 MPa Ar pressure, 2000*C, and 45 minute hold time.

All HIP'ed samples exhibited >99% T.D., and room temperature bend strength of up to 525

MPa was reported for material containing 1% Al.

3.3.3 Sinter HIP'ing

Hunold 5 2 also investigated densification of SiC by a sinter HIP route. The starting

powder contained I wt% C and I wt% Al which was cold isostatically pressed into

compacts. In the first stage of densification the compacts were sintered at 1980'C. The

sintering time is not given. Without cooling down, the pressure was then built up to either

100 MPa or 200 MPa of Ar pressure, or to 200 MPa N2 pressure. When full pressurization

was reached the temperature was adjusted to either 19000C or 2000'C and the process
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was held for 45 to 240 minutes. Full density (>99% T.D.) was reached only with the

samples that were HIP'ed at 200 MPa and 2000 0C. The room temperature bend strength

results were very similar to those obtained from samples that had been sintered and then

post HIP'ed.

4.0 Discussion and Suggestions for Future Work

It can be seen that numerous routes have been followed to produce Si3 N4 and SiC

ceramics by HIP'ing, but some of these routes do not really take full advantage of the

potential of HIP'ing to produce ceramics of superior quality. For example, post HIP'ing

material that has already been sintered can reduce the size of undesireable pores, but

cannot completely eliminate pores that contain gas trapped during consolidation. At first

sight, one solution to the problem would be to carry out the sintering step under vacuum

and, indeed, this might be possible with SiC. In the case of Si3 N4 however, sintering

under vacuum is not likely to work because some level of N2 pressure must always be

maintained in order to suppress the decomposition of Si3 N4. The other problem with post-

HIP'ing of sintered material is that in order to have sintered material to start with,

addition of sintering aids is necessary, and the high temperature properties of the final

product can be affected by the resulting intergranular glassy phase. Interestingly enough,

and in spite of these shortcomings, it appears that the majority of efforts to produce

Si 3 N4 based composite ceramic by HIP'ing has been via this route.

Post HIP'ing of reaction bonded S13 N4 may be a more promising route. This is

because the remaining porosity after reaction bonding is surface connected and therefore

it is possible to have the pores evacuated by sealing the material under vacuum in a gas

tight capsule. The studies reviewed in Section 3.2.2 on monolithic reaction bonded Si3 N4

HIP'ed in this way suggest that strength and toughness can be improved. However, these

studies also suggest that sintering aids are once again required for reaction bonded

material to be HIP'ed to higher density. The possibility of following this route to produce

composite Si3N4 has been investigated by Lundberg et al. 4 5 but, unfortunately, the

expected further improvements in strengtii and toughness were not observed (see Section

3.2.4). It may turn out that careful control over impurity contamination in the starting

powder will result in post HIP'ed reaction bonded Si3 N4 composite with improved

properties.
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The issue of whether sintering aids are desirable is not clear, especially in the case

of Si 3 N4. On the one hand it seems that densifying by conventional sintering or by

pressure assisted sintering (e.g. HIP'ing), and obtaining the elongated interlocking

microstructure which is thought to give rise to improved mechanical properties, both

require some sort of liquid phase to form at the sintering temperature. These factors

have led to incorporating additives into the starting powder to help form this liquid phase.

On the other hand, the resulting grain boundary phase can be responsible for the ceramic

exhibiting inferior high temperature properties. In reality, the situation is not as

straightforward as this because factors such as impurities contained in the starting

powder and impurities picked up during processing can result in the formation of, or

greatly alter the nature of, a liquid phase. This, in turn, can significantly affect grain

growth kinetics, grain morphology, and residual porosity - all of which can affect the final

properties as much as the presence of grain boundary phase. Add these considerations to

HIP processing variables of temperature, pressure, and time and it is obvious that the

interrelations leading to the final product can be very complex. Nonetheless, from the

study of Okada et al. 3 0 , it seems that even for Si3N4 that has been HIP'ed using a

sintering aid and still exhibits high strength at relatively high temperature (i.e. 12000C),

the same Si3N4 HIP'ed with no sintering aid maintains this high strength to a temperature

that is 2000C higher. This supports the view that maximum high temperature capability is

achieved by introducing as little sintering additive as possible.

The encapsulated powder HIP route may hold the most promise for producing

ceramic of superior quality. Many workers who have followed this route report obtaining

a final product with very low porosity using little or no sintering additives (see Sections

3.2.1 and 3.3.1), and report corresponding improvements in mechanical properties over

sintered or hot pressed material (see Tables 2 and 3). Note that in all of these studies the

starting powder was compacted prior to encapsulation as opposed to simply filling the

capsule with loose powder. It is also worthwhile to note that many of the studies utilizing

glass encapsulation mention that the temperature was first raised to the glass softening

point before significant pressure was applied. Presumably, these measures were taken to

ensure that a gas-tight barrier was maintained as the sample underwent consolidation but

the reasons are not actually given in any of the studies.
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In any event, it does not appear that the encapsulated powder HIP route has yet

been used to produce Si3N4 based or SiC based composite ceramic, but indications show

promise that composite material produced in this manner will contain a minimum of

porosity and grain boundary phase, and may exhibit mechanical properties of sufficient

standard to be considered for use in gas turbine engines. Because of this promise, and in

light of NAE-SML's experience with HIP'ing, this HIP route would be a good area for

further investigation.

The questions of which ,nechanical properties are most relevant, how to evaluate

them, and what standdrd of performance will be deemed 'sufficient', have not been

considered in this report, but the topic will need to be addressed as candidate ceramic

matetial becomes available. At present, nearly all reports on the strength of Si3 N4 and

SiC have been described by bend tests, and both fracture toughness and hardness have

been described by indentation tests. These techniques have the benefit of being relatively

straightforward means of assessing the relative integrity of ceramic materials. However,

before these materials are seriously considered for use in critical structural components,

properties such as uniaxial tensile behaviour, fatigue behaviour, and creep behaviour will

need to be evaluated under proposed service conditions (i.e. 1400'C). The practical

complexities involved in such testing are many, but it might be hoped that NAE-SML's

experience in characterizing the high temperature behaviour of metallic aero engine

materials can provide a useful starting point. An overview of possible methods for

evaluating these properties will be the subject of a future report by the author.

5. Acknowledgements

The author would like to thank Drs. R.T. Holt, A.K. Koul, J-P. Immarigeon, and W.

Wallace for reviewing the manuscript and offering many useful comments.



- 26 -

6. References

1. B. Jeal (1988), Rolls-Royce Magazine, March 1988, 23-27.

2. C. Drewer (1988), Flight International, 9 July 1988, 26-31.

3. A. Bennett (1986), Mat. Sci. & Tech. (2) 895-899.

4. C. Leach (1987), Engineering Digest, Aug. 1987, 25-26.

5. J.A. Cornie, Y-M. Chiang, D.R. Uhlmann, A. Mortensen, J.M. Collins,(1986) Amer.
Ceram. Soc. Bull. (65) 293-304.

6. J.S. Reed (1988), Introduction to the Principles of Ceramic Processing, Wiley &
Sons, N.Y.

7. R.W. Davidge (1979), Mechanical Behaviour of Ceramics, Cambridge Univ. Press, 5-
II.

8. K. Mitchell, A. Hendry (1987), "Sintering of non-oxide ceramics", in High Tech
Ceramics - Materials Science Monographs 38A, ed. P. Vincenzini, Elsevier,
Amsterdam, 901-910.

9. C. Greskovich, S. Prochazka (1987), "Selected sintering conditions for SiC and Si 3 N4
ceramics", in Ceramic Microstructures '86 - Materials Science Research vol. 21, ed.
J.A. Pask and A.G. Evans, Plenum Press, N.Y. 601-611.

10. G. Ziegler, 3. Heinrich, G. Wotting (1987) J. Mat. Sci (22) 3041-3086.

II. A.J. Aller (1987), Powder Met. Int. (19) 36-39.

12. W. Braue, G. Wotting, G. Ziegler (1986), "Devitrification effects of grain boundary
phases on high temperature strength of sintered Si N4 materials", in 2nd Int. Symp.
on Ceram. Mat. & Components for Engines; Lubeck -Travemunde, ed. W. Bunk & H.
Hausner, Deutsche Keramische Gesellschaft, 502-510.

13. H. Tabata, 0. Abe, M. Machida, M. Ohashi, S. Kanzaki (1986), "Sintering and
mechanical properties of silicon nitride ceramics without grain boundary phases",
ibid, 713-720.

14. K.H. Jack (1986), "Sialons: a study in materials development" in Non-oxide
Technical and Engineering Ceramics, ed. S. Hampshire, Elsevier, London, 1-30.

15. R.H.J. Hannink, Y. Bando, H. Tanaka, Y. Inomata (1988) J. Mat. Sci (23) 2093-2101.

16. R. Moussa, J-L. Chermant, F. Osterstock (1984) "Creep and creep rupture of HP-SiC
containing an amorphous intergranular phase",in Deformation of Ceramic Materials
11 - Materials Science Research Vol. 18, ed. R.E. Tressler & R.C. Bradt, Plenum
Press, NY, 617-629.

17. S. Prochazka, W.A. Rocco (1978) High Temperatures - High Pressures (10) 87-95.



- 27 -

18. A. Akashi, A.B. Sawaoka (1987) 3. Mat. Sci (22) 1031-1036.

19. A.J. Caputo, D.P. Sti,,ton, R.A. Lowden, T.M. Besmann (1597), A-ijer. Ceram. Soc.
Bull. (66) 368-372.

20. H. Okunda (1986), "Present situation in the field of processing of structural
Ceramics" in 2nd Int. Symp. on Ceram. Mat. & Components for Engines; Lubeck-
Travemunde, ed. W. Bunk & Hausner, Deutsche Keramische Gesellschaft, 139-146.

21. R. Davidge, 3. Sleurs, L. Buckenhout (1988) "HIP'ing of technical ceramics: a
synopsis", in Int. Conf. on Hot Isostatic Pressing of Materials; Antwerp, Royal
Flemish Society of Engineers, 5.1-5.11.

22. H. Larker, J. Alderborn, H. Bohman (1977), "Fabricating of dense silicon nitride
parts by hot isostatic pressing", Society of Automotive Engineers Technical Paper
SAE 770335.

23. H.C. Yeh, P.F. Sikora (1979), Amer: Ceram. Soc. Bull. (58) 444-447.

24. R.R. Wills, M.C. Brockway, G.K. Bansal (1984), "Relationship between densification
and high temperature mechanical properties of HIP'ed silicon nitride", in 1st Int.
Symp. on Ceram. Components for Engine; Hakone, ed. S. Somiya et al., KTK
Scientific Publishers, Tokyo, 321-332.

25. 0. Yeheskel, Y. Gefen, M. Talianker (1984), J. Mat. Sci. (19) 745-752.

26. 0. Yeheskel, Y. Gefen, M. Talianker (1986), Mat. Sci. & Eng. (78) 209-216.

27. T. Yamada, M. Shimada, M. Koizumi (1981), Amer. Ceram. Soc. Bull. (60) 1225-1228.

28. M. Shimada, N. Uchida, M. Koizumi (1983), "Fabrication and characterization of
Si N with metal nitride additives by high pressure hot-pressing", in 1st Int. Symp.
orrC~ram. Components for Engine; Hakone, ed. S., Somiya et al., KTK Scientific
Publishers, Tokyo, 404-411.

29. M. Miyamoto, K. Tanaka, M. Shinada, M. Koizumi (1986), "Survey for HIP sintering
condition and characterization of dense silicon nitride without additives", in 2nd Int.
Symp. on Ceram. Mat. Components for Engines; Lubeck-Travemunde, ed. W. Bunk
& H. Hausner, Deutsche Keramische Gesellschaft, 271-278.

30. H. Okada, K. Homma, T. Fujkawa, T. Karnda (1987), "Fabrication of dense Si N by
hot isostatic pressing" in High Tech Ceramics - Materials Science Monograpls 38A,
ed. P. Vincenzini, Elsevier, Amsterdam, 1023-1032.

31. L. Pejryd (1988), Adv. Ceram. Mat. (3) 403-405.

32. 3. Heinrich, M. Bohmer (1981), Sci. of Ceram. (11) 439-446.



- 28 -

33. 3. Heinrich, N. Henn, M. Bohmer (1985), Mat. Sci. & Eng. (71) 131-136.

34. 3. Heinrich, E. Backer, M. Bohmer (1988), 3. Amer. Ceram. Soc. (71) C28-C31.

35. 3. Heinrich, M. Bohmer (1986), "Comparison of sinter-HIP and canning-HIP of RBSN
and Si 3 N4 powder compacts", in 2nd Int.Symp. on Ceram. Mat. Components for
Engines; Lubeck-Travemunde, ed. W. Bunk & H. Hausner, Deutsche Keramische
Gesellschaft, 243-253.

36. D.W. Richerson, J.M. Wimmer (1983), J. Amer. Ceram. Soc. (66) C* 73-C176.

37. K. Hirota, T. Ichikizaki, Y.T. Hascgawa, H. Suzuki (1983), "Densification of Si3 N4 by
hot isostatic pressin N2 atmosphere", in 1st Int. Symp. on Ceram. Components for
Engine; Hakone, ed. S. Somiya et al., KTK Scientific Publishers, Tokyo, 434-441.

38. T. Fujikawa, M. Moritoki, T. Kanda, K. Homma, H. Okada (1983), "Hot isostatic
pressing: its applciation in high performance ceramics", ibid, 425-433.

39. G. Wotting, G. Ziegler (1983), "Microstructural development of sintered, hot

pressed, and hot isostatic pressed silicon nitride", ibid, 412-424.

40. G. Ziegler, G. Wotting, (1985), Int. 3. High Technology Ceram. (1) 31-58.

41. G. Wotting, G. Ziegler (1986), "Post-HIPing of Si 3 N4", in 2nd Int. Symp. on Ceram.
Mat. Components for Engines; Lubeck-Travemunde, ed. W. Bunk & H. Hausner,
Deutsche Keramische Gesellschaft, 235-242.

42. 1. Iturriza, 3. Echeberria, F. Castro (1988), "Sinter-HIP of silicon nitride ceramics
with oxide additions", in Int. Conf. on Hot Isostatic Pressing of Materials; Antwerp,
Royal Flemish Society of Engineers, 5.27-5.33.

43. G. Greskovich (1981), 3. Amer. Ceram. Soc. (64) 725-730.

44. E. Tani, S. Umebayashi, K. Kishi, K. Kobayashi (1986), Amer. Ceram. Soc. Bull. (65),
1311-1315.

45. R. Lundberg, L. Kahlman, R Pompe, R. Carlsson, R. Warren (1987), Amer. Ceram.

Soc. Bull. (66) 330-333.

46. P. Greil, G. Petzow, H. Tanaka (1987), Ceram. International (13) 19-25.

47. T. Kandori, S. Kobayashi, S. Wada, 0. Kamigaito (1987), J. Mat. Sci. Letters (6)
1356-1358.

48. L. Hermansson, L. Nystrom, 3. Alderborn (1986), "Hot isostatic pressing of silicon
carbide with no sintering agents", in 2nd Int. Symp. on Ceram. Mat. Components
for Engines; Lubeck-Travemunde, ed. W. Bunk & H. Hausner, Deutsche Keramische
Gesellschaft, 353-360.

49. H.T. Larker, L. Hermansson, 3. Alderborn (1987), "Hot isostatic pressing and its
applicability to silicon carbide and boron carbide", in High Tech Ceramics -Materials
Science Monographs 38A, ed. P. Vincenzini, Elsevier, Amsterdam, 795-803.



- 29 -

50. T.J. Whalen (1984), Ceram. Eng. & Sci. Proc. (5) 341-349.

51. G.K. Watson, T.J. Moore, M.L. Millard (1985), Amer. Ceram. Soc. Bull. (64) 1253-
1254.

52. K. Hunold (1988), "Sintering and hot isostatic post densification of silicon carbide",
in Int. Conf. on Hot Isostatic Pressing of Materials; Antwerp, Royal Flemish Society
of Engineers, 5.19-5.25.

53. W.J. Lackey, D.P. Stinton, G.A. Cerny, L.L. Fehrenbacher, A.C. Shaffhauser (1983),
"Ceramic Coatings for Heat Engine Materials - Status and Future Needs", in 1st Int.
Symp. on Ceram. Components for Engine; Hakone, ed. S. Somiya et al., KTK
Scientific Publishers, Tokyo, 770-782.

54. R.W. Davidge (1987) Composites (18) 92-98.

55. "High Temperature High Strength Nickel Base Alloys", (1977), INCO Inc., N.Y.



PRECIDiNG PAGE 131.Ai( 3

o o CD 0

O.E E

0

a~

E m
4C)

CN

WI 44.C

4) (A 0 C)(

00U C) 0

0 00

r.4)

(IN

(U

00

0 00 0NC0

v0 -

4)*
Z~~ * VNU(U C

-0 C 0 4

*0 V) V

u. CL CL 00C

o 0 0 (



- 32 -

*14) a '.0 '.0 (N4 1 1 1 06 1 00 '.4 a,

E 0 00

0 ) 0 C) 0CD
a' C 0 0) 0

E C) 0 :2 t"N N .

* * 00

If~C C C \

. '. N00 L e " 00 ufl r- 0C ON

6.

0

\D %D- '.0 7.0 - * -5 a' 75 00 I'. '.D
C' ON . CrN 00 a,, a, c' r.

SA A O

Q0

I- -

< o0 -(

.2 0 0~ c~.G 0 a N(m(N (NO (NO-4
M- .- 00 0 *O *N , * 2N ,NMN +N 0 co> ~

+ + C)
+ , 0

I0* . a. a+C

0 0 J 0 )

.2L 0J.
C-

_~~ U -00 0 0

c c CC C Co0 I 0 a) (

C14 Cu

E'.0C 0
0 .j W.2 O.E

0 ~ -u
~~0 - -r - 0 )

6 70 000 -Y N c -O > 0) .

0.0 4.Y 4) 4) .' o
il' il i 0 (L



- 33 -

CL-
4~C4

6.'

E CN

-t VN If*It V

(~ 4.t" 00 7- a' * a
ZAa'a a,

7-

.5L

CC

0

00

~W

a0
0 (U

E C)
ca 4

4) c 0 0
0 c

ca C



z
R 00

0 0

zz

0 U)

0.0

R 0
4~ Pa ca

z
9L 0

0 CC

UL

Si



-36 -

I-
z Ia

z L

z z

0 0

LI

0

// I-I
V V /

kI



- 37.

PARTICULATE (+ ADDITIONS)

FORMING

T
E ENCAPSUL.ATION
R

H

P

FIG. 3: ROUTES BY WHICH MATERIAL CAN BE PRODUCED BY HIP'Ing



REPORT DOCUMENTATION PAGE / PAGE DE DOCUMENTATION DE RAPPORT

REPORT/RAPPORT REPORT/RAPPORT

NAE-AN-58 NRC No. 30057
la lb

REPORT SECURITY CLASSIFICATION DISTRIBUTION (LIMITATIONS)

CLASSIFICATION DE SECURITE DE RAPPORT

2 Unclassified 3 Unlimited

TITLE/SUBTIT LE/TITRE/SOUS-TITR E

Processing of Advanced Ceramics which have Potential for Use in Gas Turbine Aero Engines
4

AUTHOR(S)/AUTEUR(S)

T.M. Maccagno
5

SERIES/SERIE

Aeronautical Note
6

CORPORATE AUTHOR/PERFORMING AGENCY/AUTEUR D'ENTREPRISE/AGENCE D'EXECUTION

National Research Council CanadaNational Aeserna ucl ta nt Structures and Materials Laboratory7National Aeronautical Establishment

SPONSORING AGENCY/AGENCE DE SUBVENTION

8

DATE FILE/DOSSIER LAB. ORDER PAGES FIGS/DIAGRAMMES

COMMANDE DU LAB.

89/2 41 3
9 10 11 12a 12b

NOTES

13

DESCRIPTORS (KEY WORDS)/MOTS-CLES

1. Gas turbine Engines - ceramics 3. Hot pressing
2. Ceramics - Processing

14

SUMMARY/SOMMAIRE

Si3N4 and SiC based advanced ceramics that have been produced by hot isostatic pressing
(HIP'ing) have good potential to be used as hot section components in gas turbine aero engines. This
report providcd background for an NAE-SML investigation of this potential. The report begins with a
general overview of the many fabrication methods that have been used to produce both monolithic
ceramics and SiC whisker reinforced composite ceramics. This is followed by a comprehensive
survey of past efforts to produce Si3N4 and SiC based ceramics by HIP'ing. It is apparent that many of
these efforts have involved HIP'ing of material that has already been densified by sintering, but such
an approach does not really allow the full benefits of HIP processing to be realized. On the other hand,
HIP'ing of Si 3N4 based composite produced by reaction bonding may result in ceramic material of
superior quality. It also appears that many previous efforts have resorted to incorporating densifying
aids into the starting material, even though high temperature properties may suffer as a result. It is
suggested that HIP'ing of vacuum encapsulated Si3N4 or SiC particulate which contains SiC whiskers
for reinforcement, but which does not contain densifying aids, may be a method of producing ceramic
material of sufficient quality to be considered for use in gas turbine engines.

15


